Introduction
The behavior of magnetic impurities in a metallic host encapsulated by the well-known Kondo effect has been one of the most challenging problems in condensed matter physics [1] . This phenomenon is a fine e xample o f d evelopment of electronic correlations in a solid, and in recent years it has witnessed a resurgence with the development of nanoelectronic devices and novel nanostructured materials [2, 3] . However, there is probably no other area where the presence of the Kondo effect is so fundamental as in strongly correlated electron systems (SCES) (Ce-, U-, and Yb-based compounds) [4] . Within the existing theories, the Kondo lattice model [5] has been successfully applied to explain the influence of the Kondo effect on the physical properties of this kind of material.
It is also remarkable that most of the reports in SCES have been constrained to macroscopically well-crystallized bulk materials. However, it appears evident that the development of molecular beam epitaxy techniques has-very recently allowed the production of two dimensional structures based on Ce Kondo lattice systems, known as 'Kondo superlattices' [18] . The reduction of the dimensionality results in new types of electronic state, as observed in CeIn 3 -LaIn 3 superlattices, where an enhancement of the effective electron mass and non-Fermi liquid behavior were underlined [19] . Another example is the fabrication of multi-scale microstructures spanning from atomic to nanometer and mesoscopic scales in YbAl 3 alloy, showing a simultaneous enhancement of the electron and phonon transport properties [20] .
Following this alternative route, novel phenomena appear when reducing the size of these materials to the nanometer scale. In particular, it is appealing to investigate more deeply the eventual variations in the relation to the role of Kondo interaction, especially in Kondo lattice compounds [21] . There are only a few examples of experimental results on Ce alloys ( [22, 23] and references therein), and also some theoretical approaches (see, for instance, [24] [25] [26] ). In Yb systems, a significant example is that of nanosized YbAl 3 particles, which exhibit a decrease of Yb valence with the size reduction. This decrease has been attributed to the bonding loss of the surface atoms [27] . More recently, changes in valence with size reduction in REPb 3 (RE = Eu, Yb) alloys have also been observed [28] . For nanosized YbAl 3 , the bulk counterpart of this alloy is an archetypal intermediate valence system, which has been thoroughly studied in the past. The existence of energy scales related to coherence and Kondo effects allows the classification of this alloy as a Kondo lattice system [14] . Electrical resistivity results indicate a decrease in scattering around 100 K [29] . There are also broad maxima around 100 K in the magnetic susceptibility and the magnetic contribution to the specific heat related to an energy scale (Kondo temperature (T K = 500-670 K)) [14, 30, 31] , as also found in nanosized YbAl 3 alloys [27] . In this kind of material, with a Kondo temper ature higher than 500 K, crystalline field effects are found to play a secondary role [1, 14, 30, 32] . Moreover, studies on the Yb 1−x Lu x Al 3 series of alloys have shown that according to magnetic susceptibility and specific heat measurements, the appearance of a second energy scale at 40 K in the intermediate valence Kondo lattice YbAl 3 is a true coherence effect [14] . In addition, a reduction of Kondo lattice effects in Yb 1−x Lu x Al 3 has been observed by soft x-ray photoelectron spectroscopy, with behavior in good agreement with the single impurity Anderson model [15] . However, it is interesting to note that details of these changes in the Kondo lattice behavior have not so far been explored by means of electrical resistivity (ρ(T)) measurements in this Yb-substituted series, despite its representing a valuable source of evidence to disclose the evolution of the coherence effects and the Kondo regime in strongly correlated Yb and Ce compounds. The Fermi liquid regime (∝T 2 ) at low temperatures and coherence effects-hallmarks of Kondo lattice behavior-can easily be identified by measuring electronic transport properties.
In considering the electronic properties of nanosized YbAl 3 [27] , and those of the bulk alloy noted above, it is relevant to scrutinize the influence of the size reduction on the electronic transport properties (electrical resistivity), and how the Kondo lattice behavior and the Fermi liquid ground state (T 2 dependence at low temperatures) are affected; these together constitute the main aims of this work. This will represent a definite step forward within SCES systems (Ce, Yb, U alloys). Additionally, the results are compared with that obtained for the non-magnetic reference LuAl 3 nanometric alloy, and with the effect of dilution by non-magnetic Lu in bulk YbAl 3 alloy, also using the electrical resistivity.
Experimental
Nanocrystalline LuAl 3 alloy was prepared by high-energy mechanical milling of a starting bulk alloy. The alloy was then crushed and milled in a planetary high-energy ball system (Retsch PM 400/2) at a rotation speed of 200 rpm, using a container and balls made of tungsten carbide-a similar procedure to that already used in the study of YbAl 3 and other Rare Earth nanoalloys [27, 33] . The bulk Yb 0.2 Lu 0.8 Al 3 alloy was prepared in an arc furnace from constituent elements Yb (Alfa-4N), Lu (Alfa-4N) and Al (Alfa-5N). Transmission electron microscopy (TEM) was performed in a JEOL JEM 2100 microscope. X-ray diffraction measurements were performed at room temperature with a Bruker D8 Advance diffractometer using Cu-Kα radiation. Electronic transport properties were measured by the four probe method in a Quantum Design PPMS device. For the electrical resistivity measurements, the milled powder was first pressed in a press pellet die. A disk was then obtained, which had to be cut into a parallelepiped shape. The sample bar was of a typical length (10 mm) and area (2 × 2.5 mm 2 ). Our in-house holder consisted of four spring-loaded pins. The pin holder was screwed on top of the sample until a certain deformation was observed in the springs. The spring-loaded pins were rounded to ensure excellent contact. Figure 1 shows the x-ray diffraction patterns and results of Rietveld refinement of 70 h milled YbAl 3 (a) and LuAl 3 (b) alloys. The Rietveld analysis of x-ray data for 70 h milled YbAl 3 alloy (Bragg factor: R B = 10%) provided the unit-cell parameter a = 4.2037(7)Å, mean grain size D XRD = 12 (2) nm and lattice strain η = 0.37(3)%, in agreement with the previously reported results [27] . For the sample LuAl 3 milled for 70 h, with a Bragg factor ( R B = 7%), values of a figure 1(d) ). The lattice planes can be clearly observed, which indicates that the nanoparticles are crystalline at the core. These values of the mean size of the nanoparticles are near to those obtained by the analysis of the x-ray diffraction data. [34] . When coming down from high temperatures in 70 h milled YbAl 3 , the ρ(T) increase can be attributed to the incoherent Kondo scattering (high temperature scale-T K = 670 K [14] ) until the decrease below T max = 125 K. Thus, the contribution to the electrical resistivity in 70 h milled YbAl 3 (see figure 2(b)) basically comes from the magnetic scattering and the residual resistivity terms. This suggests that the disorder provoked by the milling process induces an increase of scattering by defects in the crystal lattice, starting to play a more significant role that electron-phonon scattering. This fact has been observed in other milled Rare Earth-based alloys, where the electrical resistivity has shown a significant reduction of the high temperature slope with the increase of the milling time, with values of residual resistivity ratio (RRR) = ρ 300 K/ρ 4 K changing from 1.6 to 1.1 [35] .
Results
On the other hand, a drastic change (although relatively reduced) in the behavior is observed at low temperatures in such a milled sample with respect to the bulk alloy, with a marked upturn and the presence of a minimum around 15 K, [27] ), which demonstrates that the appearance of the minimum at 70 h alloy is not casual but the result of a definite tendency (see figure 2(c) ). The consequence of this minimum is a deviation from standard Fermi liquid behavior, as shown in figure 3 , when comparing the bulk and 70 h milled YbAl 3 alloy samples.
To analyze the origin of such a minimum in ρ(T), it is pertinent to check ρ(T) in LuAl 3 milled for 70 h. This will make it possible to test whether the minimum is observed in a conventional metallic alloy of a similar nanometric structure. In this case (see figure 4 (a)), the shape of the resistivity curve is that of a typical metal. Curiously, it also displays a minimummuch shallower than that in 70 h milled YbAl 3 -as shown in detail in the inset of figure 4(a). This last feature could be intuitively interpreted as being due to additional contributions around the minimum in the Yb-based alloy, which conjecture we will address below.
The analysis of the different contributions to ρ(T) in disordered (amorphous) metals and nanocrystalline alloys is not a simple task. Several mechanisms exist that could provide a reasonable interpretation for the increase of the electrical resistivity at low temperatures for the nanometric 70 h milled YbAl 3 and LuAl 3 alloys. To facilitate the interpretation, we will describe our rationale step-by-step. Firstly, it could be expected the low temperature upturn be due to eventual changes in the density of carriers, which are commonly found in semiconducting materials and hopping conductivity. In the second step, we will discuss quantum interference effects (QIE) usually observed in compounds of amorphous nature [36, 37] . Finally, a third plausible approach to quantify is the role of an eventual Kondo effect in the Yb sample; this will be discussed as another extra scattering source frequently present in SCES Yb alloys.
Regarding the first mechanism, our ρ(T) measurements indicated an ohmic dependence (see figure 4(b) ), thus providing reasonable evidence for metallic conductivity. This rules out the influence of oxides such as Yb 2 O 3 on ρ(T). The presence of this oxide (less than 3%) of the sample) has been previously detected in bulk and milled YbAl 3 alloys [27] . Consequently, this ohmic dependence of ρ(T) also eliminates the possibility of hopping conductivity, based on Mott metalinsulator transition, at least with an exponential dependence [38] . Secondly, an electrical resistivity minimum has been been widely observed in amorphous materials of high ρ 0 ( 80 µΩ cm). The high-energy milling process usually leads to sizeable lattice strains and deformations, thus giving rise to a poorly crystallized environment at the very local scale [39] . Therefore, it would not be surprising to detect some influence of these effects on ρ(T). Quantum electron interaction effects [36] entail two corrections, namely the electronelectron interaction (EEI) and the weak localization (WL). In the following, we will briefly comment on both effects. Although EEI and WL introduce temperature dependent corrections to resistivity, in three-dimensional disordered metals at low temperatures, the contribution to resistivity from the EEI effects dominates over that due to WL effects [36, 40] . Assuming the existence of EEI, the correction to conductivity (σ) is derived as
3 is the diffusion constant, in terms of the Fermi velocity v F and the relaxation time τ. F 0 is a screening term which equals 4/3 in the absence of any applied magnetic field. Experimental reports revealing the ρ ∝ − √ T dependence have been extensively published for disordered metals [37] . On the other hand, electron wave propagation-away from a classical interpretation-allows a variety of paths, with the existence of loops of interference between the electron waves, giving rise to an effective localization. If all particles returned In the Yb alloy, the data is better described by −lnT behavior below T * = 7 K. 6 back to the origin, then ρ → ∞, and full localization would be achieved.
An ideal approach to determine the influence of EEI effects is thus to include ρ ∝ − √ T. As shown in figure 5(a) , it is possible to fit a linear variation ( √ T dependence) for 70 h milled LuAl 3 alloy. This supports, experimentally, the former assumption: the mechanism related to the electrical resistivity minimum in LuAl 3 is that due to quantum corrections.
Regarding the YbAl 3 nano (70 h milled alloy), the contribution below the minimum shows an extra contribution. Let us first consider that for T < T min there is a major contribution from QIE effects, as occurs in LuAl 3 . The fit considering only the − √ T term is not satisfactory (see figure 5(b) ), thus suggesting the presence of (an)other, more important, scattering mechanism(s). In the SCES Yb systems we presented above, there could exist a contribution stemming from the Kondo effect (ρ ∝ −ln(T)) [1] . In this sense, we have found that the low temperature data (T < 7 K), is well described according to the −lnT dependence; the results are displayed in figure 5(c) . This could indicate the presence of an additional temperature scale (T * = 7 K) related to the onset of an eventual Kondo contribution at low temperatures, different from the high T K temperature scale.
Discussion
The outcome of the foregoing analysis is that the experimental evidence is explained by both QIE and Kondo interaction, which are responsible for the low temperature upturn below T min . The milling of the bulk YbAl 3 results in an ensemble of nanoparticles randomly dispersed and in contact, forming a granular alloy. It is commonly accepted that nanoparticles can be generally described as a two-component system, consisting of core nanocrystallites and grain or interphase boundary components [41] . The thickness of the grain boundary is commonly assumed around 1 nm. At grain boundaries, more disorder is expected, as compared to the core of nanoparticles.
On the one hand, the nanometric size of the particles favors the presence of surface shells in which the atomic coordination is reduced whereas the microstrain is enhanced. In this situation the nanostructure becomes more and more disordered, affecting the electrical resistivity. Therefore, such considerable disorder is the basic element supporting the QIE.
In bulk YbAl 3 , the f-electron atoms form periodic arrays which lie in the so-called Kondo lattice systems [5] . Every spin in the lattice is screened by the conduction electrons. In real space, the screening takes place on a length scale of mesoscopic size (ξ K = v F /k B T K , where v F is the Fermi velocity), denoted as the Kondo screening cloud [42] . The values of Fermi velocity may range from 10 6 m s −1 for normal metals to 10 3 -10 4 m s −1 in heavy fermion systems [43] . Consequently, the Fermi velocity is directly proportional to the electronic contribution to the specific heat (Sommerfeld coefficient (γ)). The value of γ = 45 mJ mol −1 K −2 estimated from the specific heat data in bulk YbAl 3 is found to decrease down to 36 mJ mol −1 K −2 for the 70 h milled YbAl 3 alloy [27] . Since a Fermi velocity value v F = 4 · 10 4 m s −1 is observed for bulk YbAl 3 [44] , a simple scaling with the variation of the coefficient γ leads to an appraisal of 5 · 10 4 m s −1 for the Fermi velocity in the milled sample. On the other hand, from the maximum in the magnetic susceptibility and magnetic contribution to the specific heat in bulk and milled YbAl 3 alloys [27] , the T K values do not change significantly, being around 500 K-670 K, as estimated for the bulk sample [14, 30, 32] . Thus, following the above reasoning, it is possible to estimate a value of ξ K around 0.7 nm for the 70 h milled YbAl 3 alloy. The length scale ξ K would be less than the mean size of our samples (12 nm), and consequently the Kondo screening cloud is restricted within nanoparticles, at least in the core, with variations at the nanoparticle surface. The size effect would not be essential for the disruption of the Kondo lattice behavior, as the characteristic length is one order of magnitude lower than the mean grain size, whereas the increase in lattice strain and disorder at the surface of the particles with the size reduction Kondo ions (as a consequence of the size reduction process) and QIE (favored by the presence of a disordered collection of nanoparticles).
process will play a significant role. Our measurements of electrical resistivity of nanosized YbAl 3 indicate that the nanoparticle ensemble provokes breakdown of the Kondo lattice coherence, with an upturn at low temperatures. It has been shown that the reduction of particle size in nano-YbAl 3 results in Yb valence reduction as a consequence of increasing numbers of non-magnetic Yb 2+ atoms at the surface of nanoparticles [27] . Irrespective of this qualitative interpretation, what is clear is that by reducing the size, a ρ(T) minimum appears with the low temperature upturn. As a matter of fact, this situation resembles the cases of bulk alloys under chemical substitution, in which by adding non-magnetic rareearth atoms (Y and La for Ce-based and La or Lu for Yb-based compounds) a transition from Kondo lattice to single impurity regime is observed (see for instance [12, 17] . In bulk YbAl 3 the coherence scattering is maintained throughout the alloy as a result of Kondo lattice behavior. This is greatly modified whenever there is a reduction of size and a concomitant increase of surface strain and disorder in the nanoparticle shell. For comparison purposes, the possibility of a change of regime on dilution with Lu was explored in the bulk YbAl 3 . The bulk sample Yb 0.2 Lu 0.8 Al 3 is found to crystallize in the same type of structure and space group Pm-3m as YbAl 3 and LuAl 3 alloys but with a lattice parameter a = 4.1932(2) ˚A . The results show the presence of a low temperature minimum in ρ(T) of the bulk Yb 0.2 Lu 0.8 Al 3 alloy, with an upturn following a −lnT dependence (see figure 6 ). Curiously, the position of this minimum, around 7 K, coincides with the onset of −lnT term below the temperature scale T * , associated with the low temperature upturn in the 70 h milled YbAl 3 alloy. Consequently, it is possible to find some similarities between the processes of size reduction and chemical substitution by Lu in bulk YbAl 3 alloy. In both cases, there is an increase in the fraction of non-magnetic atoms (Yb 2+ or Lu) and the disorder, leading to a limit situation where the periodicity of the Kondo ions is broken. Consequently, a deviation from the Fermi liquid regime is observed.
Concerning the observed −lnT dependence of the low temper ature upturn in the 70 h milled YbAl 3 alloy, it is obvious that the electronic transport in an ensemble of nanoparticles is complex. It will require further study in order to ascribe it to Kondo behavior.
Conclusions
It is concluded that the size-in intimate combination with the increasing strain-is a significant d riving p arameter f or intrinsic electronic scattering changes. In this contextextending the universality of the former assertion-it is widely known that particles of noble metals in nanocrystalline state can undergo serious changes in the density of states, as has been reported recently [45] . Thus, our finding is naturally connected with a more general physical situation.
To summarize, the scrutiny of the electrical resistivity in nano-YbAl 3 particles has revealed a deviation from the Fermi liquid behavior at low temperatures. This deviation is due to the combined effect of the disruption of the periodicity of the
